The ground and excited electronic state properties of calicene (triapentafulvalene or 5-(cycloprop-2-en-1-ylidene)cyclopenta-1,3-diene) have been studied with a variety of density functional models (mPWPW91, PBE, TPSS, TPSh, B3LYP) and post-Hartree-Fock models based on single (MP2 and CCSD(T)) and multideterminantal (CASPT2) reference wave functions. All methods agree well on the properties of ground-state calicene, which is described as a conjugated double bond system with substantial zwitterionic character deriving from a charge-separated mesomer in which the three-and five-membered rings are both aromatic. Although the two rings are joined by a formal double bond, contributions from the aromatic mesomer reduce its bond order substantially. A rotational barrier of 40-41 kcal mol -1 is predicted in the gas phase and solvation effects reduce the barrier to 37 and 33 kcal mol -1 in benzene and water, respectively, because of increased zwitterionic character in the twisted transition-state structure. Multistate CASPT2 (MS-CASPT2) is used to characterize the first few excited singlet and triplet states and indicates that the most important transition occurs at 4.93 eV (251 nm). A cis-trans photoisomerization about the inter-ring double bond is found to be inefficient.
Introduction
Calicene (triapentafulvalene or 5-(cycloprop-2-en-1-ylidene)-cyclopenta-1,3-diene, 1, Figure 1 ) is a completely conjugated unsaturated molecule. 1 To date, no synthesis of the parent compound has been successful, 2,3 but several annelated and substituted derivatives have been prepared as targets or synthetic intermediates. 3, 4 The two unsaturated rings of calicene, joined by a double bond, can assume aromatic character in the limit of a dipolar mesomeric electronic structure. However, initial efforts varied widely in their estimate of this aromatic character. 5, 6 Subsequent to the original work of Roberts and Dewar, additional estimates † University of Torino. ‡ University di Geneva. § University of Minnesota. derived from modeling at semiempirical 7-11 and ab initio 12-14 levels of theory were reported. Most of these calculations predict the geometry of calicene to be essentially that of a delocalized polyene, with calculated bond distances in good agreement with available X-ray data for 1,2,3,4-tetrachloro-5,6-di-n-propylcalicene 15 and 1,2,3,4-tetrachloro-5,6-diphenylcalicene. 16 However, the degree of bond alternation in calicene is very low compared to that found for other fulvenes and fulvalenes. 8, 13 The resonance energy associated with significant contributions from the zwitterionic structure has been computed to be quite high, 10, 11 suggesting that the three-and five-membered rings are highly aromatized as cyclopropenium and cyclopentadienide moieties, respectively. The significance of the zwitterionic mesomer is also evident in the high electrical dipole moments determined experimentally for some substituted calicenes. Thus, a value of 6.3 D was found for hexaphenylcalicene, 17 7.56 D for 1,2,3,4-tetrachloro-5,6-din-propylcalicene, 18 and 8.1 D for 1,2,3,4-tetrachloro-5,6-diphenylcalicene. 19 Calculated dipole moments for parent calicene 1 range from 4.3 to 5.6 D, 7, 11, 13, 20, 21 and a value of 5.63 D was estimated from an analysis of experimental data for analogous molecules. 18 Because the zwitterionic mesomer of 1 has a formal single bond connecting the two rings, a measure of the importance of this resonance contributor should be reflected in the rotational barrier about this bond. The measured barrier for rotation of one ring relative to the other in 1-formyl-5,6-di-n-propylcalicene is 18-19 kcal mol -1 , 22 which may be compared to 65 kcal mol -1 for ethylene and 46 kcal mol -1 for stilbene. 23 The first calculations on the rotational barrier were performed in 1972 24 and predicted a value of 27 kcal mol -1 . A subsequent semiempirical prediction of more than 55 kcal mol -1 was recognized as unlikely to be accurate, 25 although a later calculation at the Hartree-Fock (HF) level predicted a barrier of 44 kcal mol -1 . 11 Substituent effects were estimated to have influences of 10-30% on the computed rotational barriers. High-level calculations are still lacking for this rotational barrier and the influence of substituents and solvent effects thereupon; these are undertaken as part of this work.
The properties of calicene excited states have also been of some interest, although comprehensive studies are lacking. The lower singlet excited states have been studied only with semiempirical methods, 7, 8, 21 (to include some study of the potential energy surface for the first excited singlet 9 ), and in certain instances comparisons have been made to experimental data for substituted calicenes. 21, 26 Higher level density functional theory (DFT) and multireference second-order perturbation theory (CASPT2) calculations have also been reported for the lowest energy quintet state. 20 In this work, we characterize the excited states of calicene, including solvatochromic effects, using various density functional and wave function based models. We also examine cis-trans photoisomerization about the inter-ring double bond in the excited-state singlet S1.
Methods
Density Functionals. Geometries for the planar and twisted conformations of calicene were fully optimized with a variety of functionals using the 6-311G(2d,p) basis set. 27 We chose, in particular, the mPWPW, 28 PBE, 29 TPSS, 30 TPSSh, 31 and B3LYP 32 functionals. We thus include entirely local generalized gradient approximation (GGA) functionals (mPWPW and PBE), a hybrid functional incorporating HF exchange (B3LYP), a meta-GGA functional including a dependence on kinetic energy density (TPSS), and a hybrid meta-GGA functional (TPSSh).
Solvation effects were included via the conductor-like polarizable continuum model 33 (CPCM) employing the same basis set and united-atom radii optimized for this model (UAHF). Geometries were re-optimized in solution.
Electronic excitation energies were computed by time-dependent (TD) DFT. For TD-DFT calculations, diffuse functions 27 on the heavy atoms were added to the basis set.
Single-Reference Post-Hartree-Fock Models. Geometries for the planar and the 90°-rotated geometries of calicene (both belonging to the C 2V point group) were also fully optimized at the second-order perturbation theory (MP2) level 34 using the 6-311G-(2d,p) basis set. Single point energies at these geometries were computed at the coupled-cluster level including all single and double excitations and a perturbative estimate for triple excitations (CCSD-(T)). 35 (7) Nakajima, T.; Kohda, S.; Tajiri, A.; Karasawa, S. Tetrahedron 1967 , 23, 2189 -2194 (8) Nakajima, T. Pure Appl. Chem. 1971, 28, 219-238. (9) Multiconfigurational Models. The complete active space (CAS) SCF method 36 was used to generate molecular orbitals and reference wave functions for subsequent multiconfigurational second-order perturbation calculations of the dynamic correlation energy (CASPT2). [37] [38] [39] The active space was composed of the eight electrons and orbitals of the π system. The CASPT2 calculations used a new level-shift technique that shifts active orbital energies in order to simulate ionization energies for orbitals excited out of and electron affinities for orbitals excited into. This technique has recently been shown to reduce the systematic error in the CASPT2 approach for processes where the number of closed-shell electron pairs changes. 40 Geometries for the planar and twisted conformations (torsional angle ω from 0°to 90°, 15°steps) of ground state calicene were fully optimized at the CASPT2 level with numerical gradients. A general atomic natural orbital (ANO) contraction scheme of 3s2p1d on C and 2s1p on H was used for the basis set. 41 For the planar and the twisted TS structures only, the same ANO-L basis set was used with a contraction scheme of 4s3p2d and 3s1p. This basis set is thus similar to the 6-311G(2d,p) basis set used for the other methods.
For the seven geometries along the rotational coordinate, the ground state and the first excited singlet and triplet A and B states were calculated at the multistate CASPT2 (MS-CASPT2) level. 42 In order to minimize the effect of weakly interacting intruder states, a level shift of 0.25 au was employed. 43, 44 The basis set for these calculations was contracted 4s3p1d on C and 2s1p on H.
For the planar and twisted TS structures, CASSCF/MS-CASPT2 calculations were performed in which solvent effects on the various electronic states were included by a self-consistent reaction field (SCRF) procedure. The nonequilibrium polarizable continuum model (PCM) 45 was used for the reaction field. In this approach the slow component of the solvent response is frozen to its equilibrium response to the ground state. The fast (optical) part of the solvent response relaxes self-consistently in response to the state of interest. Both water and benzene were considered as solvents.
Software. All DFT, MP2, and CCSD(T) calculations were performed using the Gaussian 03 suite of electronic structure programs. 46 All multireference calculations were performed using MOLCAS-6.4. 47 
Quantum Chemical Characterization of Calicene

Results and Discussion
Gas-Phase Calculations of Electronic Ground State. We first present results for the electronic ground state of 1, which is 1 A. The minimum energy geometry for 1 has all atoms in a plane; geometrical details and electrical properties as a function of theory are listed in Supporting Information, page S25. The DFT geometries are sensitive to incorporation of Hartree-Fock (HF) exchange in the functional, with pure DFT functionals exhibiting bond lengths that are a few thousandths of an angstrom longer than those from the hybrid functionals, and the difference increases with increasing amounts of HF exchange. The effect is fairly small in magnitude, however, and in general there is very good agreement between DFT, CASPT2, and MP2 for the various bond lengths (the standard deviation is less than 0.01 Å). Noting that substituents will have some influence on bond lengths in the two calicenes for which X-ray data are available, comparison of these data to the calculated bond distances is also reasonable, with standard deviations of less than 0.03 Å. All levels predict there to be substantial bond alternation, e.g., r12 ≈ 1.36 -1.37 Å; r23, r48, and r67 ≈ 1.42-1.46 Å; r56 ≈ 1.42-1.43 Å, and also that the length of the bond connecting the two rings (r78 ≈ 1.35 Å) is fairly typical for a double bond, consistent with the non-zwitterionic mesomeric structure.
On the other hand, consistent with the importance of the zwitterionic mesomer, there is substantial charge transfer between the two rings, as measured by either Mulliken population analysis 49 (with which the charge separation is estimated as 0.4-0.5 e depending on theoretical level; atomic polar tensor analysis, 50 which tends to be less sensitive to basis set effects than does Mulliken analysis, gave slightly larger DFT charges); or computed dipole moments that are around 4.5 D depending on level of theory (Supporting Information). This value is within the range of previously estimated values. 7, 12, 13, 18, 20, 21 Electrical properties and geometrical data for transition state (TS) structures associated with rotation about the bond joining the two rings are provided in Supporting Information, page S26. DFT predicts in every case that the TS structure has C s and not C 2V symmetry. The lowering of the symmetry involves a very small pyramidalization of one carbon atom in the inter-ring bond. However, the energetics associated with this pyramidalization are very small, ranging from 0.003 kcal mol -1 for (47) a See Methods for description of basis sets. Bond distances (r) and bond alternation parameters for five-membered (ab-5) and three-membered (ab-3) rings are in Å. Charge transfer (∆q) refers to the total charge difference between the atoms in the 5-membered ring and those in the 3-membered ring as computed from Mulliken charges. ∆GS is the solvation free energy in kcal mol -1 . a See Methods for description of basis sets. Bond distances (r) and bond alternation parameters for five-membered (ab-5) and three-membered (ab-3) rings are in Å. Charge transfer (∆q) refers to the total charge difference between the atoms in the five-membered ring and those in the fivemembered ring as computed from Mulliken charges. ∆GS is the solvation free energy in kcal mol -1 . b Distances for Cs structures are averaged over the two bonds that would otherwise be equivalent in C2ν symmetry. a Excitation energies in eV; CASSCF transition dipole moment TDM; oscillator strength f; electronic transition T in the dominant configuration in the CASSCF wavefunction (for labels see Figure 4) ; state-averaged CASSCF dipole moment µ in debye.
B3LYP to 0.3 kcal mol -1 for mPWPW91, suggesting that the TS structure may be regarded as effectively C 2V . The driving force for the symmetry reduction appears to be associated with a slight decrease in polarity. Thus, the electrical dipole moments in the C s symmetric structures are from 0.05 to 0.78 D smaller than those for the C 2V symmetric structures.
The CC bond distances in the five-membered ring are all similar and span from 1.40 to 1.43 Å. As a comparison, the value obtained with the same methods for the aromatic cyclopentadienyl anion is 1.42 Å. In the three-membered ring some bond alternation is still present (r56 ≈ 1.36 Å; r67 ≈ 1.42 Å), but the short CC bond distance is close to the value obtained for the aromatic cyclopropenyl cation (1.37 Å). Although intra-ring bond distances are consistent with the dominance of the aromatic mesomer in the TS structure, the inter-ring CC bond is clearly shorter then a single bond (1.40 Å). Of course, it is important to note that the single bond in question is between two formally sp 2 carbon atoms. Thus, appropriate reference systems might be biphenyl or s-cis butadiene (where in each case the conjugated systems on either side of the connecting single bond are forced to be twisted relative to one another by steric constraints). At the B3LYP/ a Energies with respect to the planar ground state in eV; electronic transition T in the dominant configuration in the CASSCF wavefunction (for labels see Figure 5 ); state-averaged CASSCF dipole moment µ in debye. 6-311G(2d,p) level, the central single bond lengths are computed to be 1.484 and 1.467 Å.
Inspection of the molecular orbitals for the planar and twisted structures provides key information on their electronic structures and helps to rationalize the short single bond in the twisted TS structure. As shown in Figure 2 , the highest occupied molecular orbital (HOMO) in the equilibrium structure is well described as a completely localized π orbital of cyclopentadienide, while the lowest unoccupied molecular orbital (LUMO) is a completely localized π* orbital of cyclopropenium. In the TS structures, on the other hand, there is delocalization of the HOMO onto the three-membered ring that somewhat decreases the otherwise very large charge separation. This delocalization is assisted by the overlap of one formal LUMO of the isolated cyclopropenyl system with one of the formal HOMOs of the cycolpenadienyl system, i.e., ring-to-ring conjugation can occur when the planes of the two rings are twisted relative to one another by 90°(see Figure 2 ). This effect, potentially together with some electrostatic interaction, is presumably responsible for the additional shortening of the inter-ring bond in calicene compared to the uncharged reference systems above.
The very large, 7-9.6 D, dipole moments for the twisted structures indicate substantially increased charge separation compared to the planar equilibrium structures. The average increase in charge separation based on Mulliken population analysis at the DFT levels is 0.2 au. This is consistent with a greater dominance of the zwitterionic mesomer, since ideal planar conjugation of the two ring π systems is no longer possible. Examination of the Kohn-Sham wave functions for the twisted geometries indicates that for no functional is there a restricted f unrestricted instability, i.e., there is no tendency for the TS structure to have biradical character. This observation indicates the critical nature of the aromaticity of the rings in the charge-transfer limit, since rotation about standard, unconjugated CdC double bonds is well-known to go through a biradical TS structure. The tendency of the TS structure to maintain closed-shell-like character is consistent with a 2-electronin-2-orbital picture in which the two orbitals are substantially different in energy, resulting in a charge-transfer ground state, as described in more detail below.
With respect to the energetics associated with bond rotation, there is near quantitative agreement between all levels of theory (Table 1) that the activation energy is about 40 kcal mol -1 and the free energy of activation is about 37 kcal mol -1 . Thus, rotation about the double bond in calicene is more facile than about the double bonds in ethylene and stilbene by roughly 25 and 10 kcal mol -1 , respectively. The excellent agreement between the single-determinantal KS DFT, MP2, and CCSD-(T) predictions and the CASPT2 levels of theory is consistent with a lack of any biradical character in the TS structure. From a multireference standpoint, the degree of biradical character may be evaluated from the size of the coefficient of the dominant aufbau configuration state function relative to other contributors. As shown in Figure 3 , the CASSCF procedure predicts the single-reference character of 1 to increase with bond rotation, reflecting the increased dominance of the closed-shell ionic state, which is responsible for the low activation energy and large dipole moment change also shown in Figure 3 .
Solvation Effects on Electronic Ground State. Because of the importance of the charge-separated mesomer in the resonance description of 1, one expects that solvation effects on the properties of calicene may be significant. In particular, more polar media would be expected to stabilize charge separation. Data on the effects of benzene ( ) 2.2) and aqueous ( ) 78.3) solvation on the geometries and charge separations of the equilibrium and TS structures of 1, as well as on the rotational barrier, were computed using the conductorlike PCM continuum solvation model (Tables 2 and 3 ). Given the qualitative similarity of all of the DFT (and post-HF) results, we restrict our analysis here to results obtained at the PBE level.
Considering aqueous solvation first, the effects of the surrounding medium on the planar equilibrium structure include an increase in the length of all formal double bonds and a decrease in the length of all formal single bonds, i.e., bond alternation is reduced, consistent with an increase in zwitterionic character at the expense of the Kekulé structure. The magnitude of the effect is about 0.005 Å per bond, which leads to a decrease in the bond alternation parameters for each ring of about 0.01 Å. This geometric alteration is accompanied by increased charge transfer, whether measured by the ring Mulliken charges, which increase in magnitude by about 0.1 au, or by the electrical dipole moment, which increases by about 2 D.
Aqueous solvation effects are still larger on the TS structure in terms of reducing bond alternation in the five-membered ring. In the three-membered ring, bond alternation actually increases somewhat, which seems paradoxical. However, the comparison is less clear here because aqueous solvation causes the TS structure to have C 2V symmetry, i.e., the pyramidalization of the three-membered ring observed in the gas phase is eliminated. As noted for the equilibrium structure, the degree of charge transfer between the rings is significantly increased by aqueous solvation: the ring Mulliken charges increase in magnitude by 0.26 au and the electrical dipole moment increases by almost 5 D. The greater polarity of the TS structure causes its solvation free energy to be more negative than that of the equilibrium structure by 6.8 kcal mol -1 , which is nearly 20% of the rotational activation free energy.
As expected, solvation effects in benzene are qualitatively similar to those in water, but reduced in magnitude by a substantial degree owing to the smaller dielectric constant of the aromatic solvent.
Gas-Phase Calculations of Electronic Excited States. The first two singlet and triplet excited A1 and B2 states have been calculated at the MS-CASPT2 level on the optimized CASPT2 geometries (Table 4) . TDDFT calculations were also examined. However, most of the lower energy excited states have associated with them a substantial amount of ring-to-ring chargetransfer character. Currently available functionals are wellknown to underestimate the energy of charge-transfer excitations. 51 and calicene proves no exception. Predicted TD-DFT excitations are as much as 2 eV lower in energy than corresponding predictions at the MS-CASPT2 level, and on that basis we will not discuss the TD-DFT level of theory further.
The values obtained for the 1 A transitions (3.83 and 4.93 eV) can be compared with prior predictions of 3.81 eV 7 for the first transition and 4.18 and 4.39 eV for each of the two. 8 For the 1 B transitions (3.84 and 4.03 eV) the same comparison is to 4.34 eV 7 and 3.57 and 3.93 eV. 8 The MS-CASPT2 values for the 1 A states differ substantially from predictions made at the 3 × 3 CI (two electrons in two orbitals) semiempirical level (4.44 and 7.43 eV). 9 Most of the excited states are well characterized as single excitations within the CASSCF active space (Figure 4) . Thus, state 2-1 A is characterized by an excitation from orbital 1a to orbital 2a, which corresponds to a charge-transfer from the fiveto the three-membered ring. The resulting state has a dipole moment of sign opposite (-2.68) to that of the ground state. The occupation numbers of the 1a and 2a orbitals are close to 1 in the excited state (see Supporting Information, S15-S19), so it has essentially pure diradical character, as proposed by Takahasi. 9 The 3-1 A state involves excitation from orbital 3b to orbital 4b, with some contribution from a 1a to 2a excitation. With these two components, and noting that the molecular orbitals belonging to the b irreducible representation (irrep) are more delocalized, the orbital occupation numbers for the 3-1 A state take on various non-integer values, i.e., this state is not a pure diradical. However, from the greater dipole moment, we can deduce that this state has a stronger zwitterionic character than the ground state, as was also observed by Takahashi. 9 The remaining excited states are all dominated by a single electronic excitation and are well described as diradicals. On the basis of their dipole moments, they all exhibit charge-transfer character, in particular those dominated by transitions involving the localized molecular orbitals belonging to the a irrep.
The natures of the excited states in the twisted TS strucure (Table 7) are more easy to understand as all active orbitals ( Figure 5 ) are now well localized on the three-or five-membered rings, and all excitations exhibit a strong charge-transfer character involving transitions from orbitals localized on the five-membered ring (1a, 3b) to orbitals localized on the threemembered ring (2a, 4b). The excited-state dipole moments are all strongly reduced from the ground-state value (11.29 D), and in some cases they even change direction. The occupation numbers of all orbitals involved in the electronic excitations are close to 1.
The MS-CASPT2 potential energy curves of the excited states are shown in Figure 6 (the potential curve for the ground state 
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is shown in Figure 3 along with its properties). The shapes of the potential curves for the ground and first excited 1 A states are in good agreement with those obtained at the semi-empirical level, 9 whereas that for the third 1 A state differs substantially both in energy and shape. Figure 6 shows conical intersections between the 2-and 3-1 A states and the two 3 B states, both near rotation angles of 60°. These are associated with inversions in the order of the dominant configurations: from planar to 45°-twisted calicene, excitations from orbital 1a characterize the lower states (see Supporting Information), whereas nearer the twisted TS structure the lower states are dominated by transitions from orbital 3b (compare also Tables 4 and 5). These crossings introduce strong interactions between the states so that a multistate treatment in the CASPT2 is required in order to properly describe their respective energies. 42 Figure 6 and a comparison of excitation energies in Tables 4  and 5 indicate that most of the electronic transitions are redshifted in the twisted TS structure compared to the planar equilibrium structure. This reflects a reduction in the HOMO-LUMO gap (see Figure 7) for the former. From the shapes and energies of the active orbitals (Figures 5 and 7) , the aromatic character of the active π molecular orbitals on the fivemembered ring in the twisted TS structure can also be discerned. Thus, there is a fully bonding orbital, two degenerate HOMOs, and two almost degenerate LUMOs, in accord with the classical Hückel description of cyclopentadienide.
It is interesting to compare calicene to ethene, styrene, and stilbene with respect to the nature of singlet electronic states as a function of the torsional angle about the central double bond. The ground state of the 90°-twisted calicene shows a strong zwitterionic nature, whereas its singlet excited states are all diradicaloid. By contrast, for ethene and its derivatives, the opposite occurs: the ground states are diradicals, and the first singlet excites states are zwitterionic. 52, 53 This happens because in the 90°-twisted ethene, the π orbitals become degenerate. 54 In the case of calicene the active molecular orbitals never become degenerate (Figure 7 ) but are always well energetically separated so that the ground state of calicene is always a closed shell. Calicene has some similarity, then, with the case of aminoborane. 55, 56 In the 90°-twisted TS structure geometries, both molecules show a "hole-pair" ground state S0 and a "dotdot" diradical excited state S1. Thus, in the transition state, the ground state may be described as a twisted internal chargetransfer (TICT) state. Such states are usually excited states but the large separation of frontier orbitals in calicene and aminoborane ensures a hole-pair closed-shell ground state all along the rotational coordinate.
The location of the minimum at the twisted TS structure on the 2-1 A potential energy curve ( Figure 6 ) suggests a possibly efficient photoisomerization, i.e., rotation around the central double bond induced by an electronic transition. Transition from the ground state to the 2-1 A state is predicted to have a low oscillator strength (Table 4) ; however, a transition to the 3-1 A state followed by an internal conversion to the 2-1 A state could be an alternative. To investigate this possibility further, we optimized geometries for the 2-1 A state with various twist angles at the MS-CASPT2 level (including all three A states in the state average CASSCF, a level shift of 0.25 au, and a 3s2p1d/ 2s1p contracted basis set; single point energies were computed with a 4s3p2d/3s1p contraction). The potential curves for the 1-1 A and 2-1 A states are shown in Figure 8 . The relaxed 2-1 A curve is quite different from that obtained by vertical excitation from ground-state geometries. The two geometries of these states are very different (Supporting Information, S27) as a consequence of the different natures of the wave functions: diradicaloid for the excited-state and closed-shell with increasing zwitterionic character for the ground state.
Optimization of the geometry of the 2-1 A state at a twist angle of 75°lowers its CASPT2 energy and rises the CASPT2 energy of the ground state. As a result, a strong interaction between these two states occurs and raises the energy of the 2-1 A state so that a rotational barrier is introduced relative to an equilibrium structure having a twist angle of about 40°. Assuming rapid vibrational relaxation, an activation energy of 0.9 eV (21 kcal mol -1 ) would need to be overcome to reach the 90°twisted structure, from which fluorescence or nonradiative transitions might lead to rotational isomerization. These same processes will drain the population of the 40°minimum and would be expected to significantly reduce the efficiency of photoisomerization.
Solvation Effects. Excitation energies at the MS-CASPT2 level were also computed for the planar and twisted TS structures of 1 in benzene and water as represented by the nonequilibrium polarized continuum model (Tables 6 and 7) . For the planar equilibrium structure, most excitations are blueshifted in solution, with the magnitude of the shift increasing in water compared to benzene. This trend is generally expected for a polar molecule, since the ground state is in equilibirum with the solvent, whereas the vertically excited state is in equilibrium only with the electronic response of the surrounding solvent. In the case of 1, moreover, all of the excited states except for 3-1 A have dipole moments that are either smaller than that for the ground state or are indeed reversed in direction (by charge transfer) and possibly quite large. In the latter instance, the frozen component of the solvent reaction field destabilizes the excited state and enhances the blue shift. Thus, for the 2-1 A state, which has one of the largest reversed dipole moments, blue shifts of 0.26 and 0.62 eV are predicted in benzene and water, respectively. The aqueous effect is particularly large because the high dielectric constant of the solvent increases the relaxed dipole moment of the ground state to 5.06 D (cf. 3.30 D in the gas phase), and the slow component of the reaction field in water is a more significant fraction of the total reaction field than it is in benzene.
The 3-1 A state exhibits different behavior. The dipole moment of this state is larger that than of the ground state. As the excitedstate dipole moment continues, by symmetry, to be perfectly aligned with that of the ground state, its interaction with the slow component of the reaction field is favorable and larger in magnitude than that of the ground state. As a result, this absorption in solution is red-shifted relative to the gas phase, by 0.10 and 0.20 eV in benzene and water, respectively. The combination of blue and red shifts causes the 2-1 A and 3-1 A states to approach one another closely in water.
In the twisted TS structure, the ground electronic state has a very large dipole moment, whereas all of the excited states have dipole moments of less than 1.5 D. Given these small excitedstate dipole moments, all of the excited states have rather similar interactions with surrounding solvent, and the result is a near constant blue shift of about 0.1 and 0.2 eV for all excitations in benzene and water, respectively.
Conclusions
Density functional theory and post-HF methods such as MP2 and CASPT2 agree well for ground-state properties of calicene, including the activation energy for rotation about the inter-ring double bond, which is substantially reduced by the aromatic stability of the closed-shell charge-transfer-like transition-state structure. Polar solvation decreases the barrier still further, as would substituent effects that provide additional stability for charge transfer.
Time-dependent DFT is not appropriate for the computation of excitation energies in calicene because of the substantial charge-transfer character in many of the low-energy excitations. However, the more rigorous MS-CASPT2 model provides significant insights into the electronic excited states. All of the studied low-energy excited states (with the exception of 3-1 A) have diradical character that persists over the full rotational coordinate. The gas-phase electronic transition with the largest predicted oscillator strength (0.3) leads to the second excited singlet A state (3-1 A) and occurs at 4.93 eV (251 nm). Excitation to the 2-1 A state (or internal conversion to it from the 3-1 A state) could in principle lead to a cis-trans photoisomerization about the double bond joining the two rings. However, the presence of an energy barrier of 0.9 eV (21 kcal mol -1 ) on therelaxed potential energy curve for the 2-1 A state suggests that this process is not likely to be particularly efficient.
